We have analyzed by transmission electron microscopy silicon and GaAs crystals polished with sandpapers of different grain size. The surface damage induced a crystal permanent convex curvature with a radius of the order of a few meters. The curvature is due to a compressive strain generated in the damaged zone of the sample. Contrary to what was reported in the literature, the only defects detected by transmission electron microscopy were dislocations penetrating a few microns from the surface. Assuming the surface damage as a kind of continuous indentation, a simple model able to explain the observed compressive strain is given.
Introduction
Curved crystals may be used for the focalization of hard X-and gamma-rays through diffraction for gamma-ray astronomy [1] , nuclear medicine [2] , neutron beams conditioning [3] , and X-ray microscopy [4] . According to X-ray diffraction theory, ideal mosaic crystals can achieve the maximum diffraction efficiency [5] , intended as the integrated reflectivity of the diffraction profile. Nevertheless, the difficulty of obtaining the desired mosaic spread and mosaic structure makes the diffraction efficiency of real crystals much lower than that of ideal mosaic crystals.
A method for improving the diffraction efficiency is based on slightly bending the crystals. The curvature of lattice planes not only increases the angular interval of incident rays that are diffracted by the crystal but also enhances the diffracted peak intensity [6] .
The application of a mechanical bending is not a practical method in optical systems where a large number of crystals is necessary. A possible method to produce curved crystals with permanent curvature without any external applied force is the controlled damaging of a crystal surface [7] . For instance, by surface damaging, bending with a uniform radius of curvature of 40 m of gallium arsenide, germanium, and silicon plates 2 mm in thickness could be achieved, as required for focusing gamma rays in a Laue lens for gamma ray astronomy [8, 9] .
Despite the empirical approach and the simplicity of the method, precise relationships have been found between the sandpaper grit size, the crystal thickness, and the induced curvature [10] :
• The curvature obtained is always convex, as seen from the damaged side of the crystal, and the same treatment induces curvatures depending on the orientation of the crystal surface and on the polarity of the crystal: a spherical curvature in (001)-oriented Si or Ge crystals and an elliptical curvature in (001)-oriented GaAs or InP crystals.
•
The curvature 1/R is inversely proportional to the square of the sample thickness.
From these observations, it is clear that the curvature is induced by the formation of a compressive strained layer a few micrometers thick in the damaged zone [10] . To explain the formation of such a compressive strain after surface damage, different mechanisms have been proposed:
• the formation of an amorphous layer near the surface of the crystal generated by the relevant forces acting of the tips of the grains [11] ; • the formation of cracks, which is the complete detachment of crystalline planes near the surface of the crystals [12, 13] To understand the formation of the compressive strain in the damaged zone, we analyzed by Transmission Electron Microscopy (TEM) several cross-sectional samples of treated crystals.
Experimental and Observation

Preparation of Crystals
Slices of different thicknesses of GaAs crystals grown by the liquid encapsulated Czochralski were cut from the ingots perpendicularly to the <100> growth direction, and the saw damaging was removed by a chemical etching with an HCl/HNO3 1:1 solution. Commercial GaAs samples were also used.
The surface damaging was obtained by means of a mechanical lapping process on one side of the planar samples. Two polishing machines were used: a Buehler Ecomec 4 (and a Buelher Vibromet 2 (Buehler, Uzwil, Zwizerland). Both are very versatile machines that allow one to produce different deformations by changing the grit of the sandpaper, the pressure per unit area applied on the samples, and the duration of the treatment. In the first machine, the samples were mounted on a plate with paraffin, and the plate was then positioned upside down facing the sandpaper plate. The two components rotate independently on two different axes so that the sample abrasion should be completely uniform on the entire surface of the sample plate. The sample assembling in the Vibromet 2 is similar, but in this case the sample holder is free to move on a vibrating plate covered with sandpaper. The samples were lapped for 10 min with P400 sandpapers, corresponding to an approximate grain size of 35 µm.
TEM Analysis
A TEM investigation has been conducted on a (001)-oriented GaAs sample, 500 µm thick, treated with a sandpaper P400 for 10 min which permitted to obtain a curvature radius R = 2.8 m.
The sample cross section, parallel to the (110) planes of the crystal, was mechanically polished down to ca. 300 µm. The resulting foils were ion-sputtered with a Gatan ® DuoMill TM model 600 (Gatan, Pleasanton, CA, USA), to reach electron transparency. The final sample thickness was estimated to be between 70 and 120 nm, as evaluated by the extinction length of the electron beam in the GaAs lamella. A final gentle ion milling procedure was applied to the cross-section's thin lamella using a Gatan PIPS installation operated at a 3 kV accelerating voltage and 7 • incidence angle.
A series of TEM micrographs recorded from neighboring areas are assembled in the panoramic image of Figure 1 , which illustrates the effect of the treatment on the (001) surface, which is located on the right-hand side of the image. We did not observe defects such as cracks or inclusions in any of the observed samples but only short straight dislocation segments from the surface to ca. 3 µm in depth. We have no evidence of a formation of an amorphous phase near the surface of the sample as observed for instance in TEM specimens prepared by a focused ion beam [14, 15] , even if it is not possible to exclude the local formation of an amorphous layer a few nanometers thick during surface damage treatment.
The near-surface region shows a high defect density that extends for a few hundred nanometers. Below this first layer, the density of dislocations drastically decreases, and the dislocations, which appear as straight dark lines, can be observed singularly.
It is worth noting that two sets of dislocation lines can be identified in Figure 1b . The two sets are parallel to the (−111) and (1−11) planes, respectively, perpendicular to the (110) surface of the cross-section sample. Looking carefully at the dislocation segments, it appears that many dislocations cross the TEM sample, i.e., the dislocation lines are not parallel to the surface of the cross section. cross-section sample. Looking carefully at the dislocation segments, it appears that many dislocations cross the TEM sample, i.e., the dislocation lines are not parallel to the surface of the cross section. Two families of parallel dislocations can be identified in Figure 1a ,b. By comparing the micrograph in Figure 1b with the corresponding diffraction pattern in Figure 1c , it turns out that the habit planes of the two families of dislocations are (1−11) and (−111). By tilting the sample in such a way that only the (−111) and (1−11) reflections are excited, the two families of dislocations become respectively extinguished. It follows that, according to the • = 0 invisibility criterion, the Burgers vectors of these dislocations are also parallel to the (−111) and (1−11) crystallographic planes, respectively.
Considering the dislocations with lines parallel to the (1−11) planes, based on the orientation-imaging conditions, it turns out that their Burgers vectors are parallel to the same planes. In the cubic structure of GaAs, an easy slip system is of the type {111}<110>, and the most common dislocations are perfect dislocations with Burgers vector a/2<110>. In the following analysis, we will assume only dislocations of this type. This may appear a critical limit of the model, but the assumption is justified by the fact that -these dislocations have the lowest elastic energy among perfect dislocations in the face-centered-cubic (fcc) crystals; -non-perfect dislocations are always associated to stacking faults increasing the elastic energy and limiting their mobility; -these dislocations are typically observed in indented fcc crystals. Considering the dislocations with lines parallel to the (1−11) planes, based on the orientationimaging conditions, it turns out that their Burgers vectors are parallel to the same planes. In the cubic structure of GaAs, an easy slip system is of the type {111}<110>, and the most common dislocations are perfect dislocations with Burgers vector a/2<110>. In the following analysis, we will assume only dislocations of this type. This may appear a critical limit of the model, but the assumption is justified by the fact that -these dislocations have the lowest elastic energy among perfect dislocations in the face-centeredcubic (fcc) crystals; -non-perfect dislocations are always associated to stacking faults increasing the elastic energy and limiting their mobility; -these dislocations are typically observed in indented fcc crystals. 
Model
To explain the compressive strain resulting from the surface grinding, we consider that the polishing by sandpaper behaves as a continuous indentation extended along the whole surface. Indentation in GaAs as in other fcc crystals results in the formation of rosettes made of dislocation loops gliding on (111) planes [16, 17] . The sketch of the proposed mechanism is reported in Figure 2 . The indentation induces the glide of dislocations along the (1−11) planes for the set of dislocations on the right of the tip and along the (1−11) planes for the set on the left of the tip. In this illustration, we neglect for the sake of simplicity the set of dislocations that are also formed and glide on the (111) Figure 3 , the Burgers vector generated by the indentation should be
for the (−111) glide plane and
for the (1−11) plane. The identified Burgers vectors belong to the two sets deduced by extinction contrast in transmission electron micrographs, thus confirming the validity of the approach. The Burgers vector have a common edge component parallel to the crystal surface, corresponding to the insertion of extra half planes form the surface of the crystal as shown in Figure 4 . For a quantitative evaluation of the misfit induced by the dislocation glide, it is necessary to know the dimension of dislocation loops, a parameter not determined in the present study. A qualitative evaluation of the induced mismatch may be obtained by considering the density ρ of extra half planes as equivalent to the linear dislocation density ρ given by TEM observations. Based on Figure 1a ,b, we may estimate ρ ≈ 10 µm −1 , leading to a misfit f value of the dislocated layer with respect to the unperturbed crystal:
This results in a positive misfit of the damaged zone with respect to the part of the crystal free of dislocations, which induces a convex curvature to the crystal. Assuming a damaged layer thickness t = 2 µm and the misfit f value given by Equation (3) from the Stoney [18] equation, we obtain
in which R is the curvature radius, T the crystal thickness, and f and t the misfit and thickness of the dislocated layer. Despite the rough approximation of the linear density of extra half planes, the result is in acceptable agreement with experimental data. The TEM analysis does not allow for the complete exclusion of the formation of an amorphous phase layer some nanometers thick at the top of the surface-treated samples. In principle, such a layer could contribute to the strain formation leading to a bending of the sample as described by Equation (4). Nevertheless, even by assuming a large mismatch between the amorphous phase and the underlying GaAs crystal, the effect of such a strained thin layer may be considered negligible with respect to the contribution originating from a 2-µm-thick dislocated layer. evaluation of the misfit induced by the dislocation glide, it is necessary to know the dimension of dislocation loops, a parameter not determined in the present study. A qualitative evaluation of the induced mismatch may be obtained by considering the density ρ of extra half planes as equivalent to the linear dislocation density ρ given by TEM observations. Based on Figure 1a ,b, we may estimate ρ ≈ 10 μm −1 , leading to a misfit f value of the dislocated layer with respect to the unperturbed crystal:
• 2 8 10 .
This results in a positive misfit of the damaged zone with respect to the part of the crystal free of dislocations, which induces a convex curvature to the crystal. Assuming a damaged layer thickness t = 2 μm and the misfit f value given by Equation (3) from the Stoney [18] equation, we obtain 6 6 2.6
in which R is the curvature radius, T the crystal thickness, and f and t the misfit and thickness of the dislocated layer. Despite the rough approximation of the linear density of extra half planes, the result is in acceptable agreement with experimental data. The TEM analysis does not allow for the complete exclusion of the formation of an amorphous phase layer some nanometers thick at the top of the surface-treated samples. In principle, such a layer could contribute to the strain formation leading to a bending of the sample as described by Equation (4). Nevertheless, even by assuming a large mismatch between the amorphous phase and the underlying GaAs crystal, the effect of such a strained thin layer may be considered negligible with respect to the contribution originating from a 2-μm-thick dislocated layer. 
Conclusions
Crystals with a (001) surface damaged using sandpaper have been characterized by transmission electron microscopy in cross-sectional geometry. After the surface damaging, the samples exhibited a roughness comparable to the grit of sandpaper used, and a network of straight dislocation segments belonging to the (−111) and (1−11) glide planes inclined to the (001) surface of the crystal extended to a depth of 3 μm, comparable to the dimension of the grains of the sandpaper. No other type of defects, such as cracks or inclusions were detected.
By changing the diffraction condition, the interpretation of extinction contrast permitted the establishment that the Burgers vector of the generated dislocation are parallel to the (−111) and (1−11) glide planes.
A simple model for the formation of a compressive strain based on the dislocation glide in the damaged layer is given, in agreement with the measured sample convex curvature. Moreover, the elliptical curvature observed in surface-treated polar crystals such as GaAs and InP may be explained by the different glide velocity of dislocations on polar (111) glide planes.
We can conclude that the origin of sample curvature is the network of dislocations introduced by the damaging, considered as a continuous indentation of the crystal. 
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